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A simple extended corresponding-states principle is used to represent the vapor pres-
sure of ammonia and trideuteroammonia from the triple point to critical point and to
describe the available experimental data along with extrapolation beyond their ranges of
available experimental data. This work takes advantage of the adoption of the ITS-90
temperature scale and of the new critical parameters obtained from the extended
corresponding-states principle. The vapor pressure data are described within their scatter
in the entire temperature range. Comparisons with the available data show that the ex-
tended corresponding-states principle may calculate the vapor-pressure values within
0.05%-0.1% The substance-dependent characteristic parameters are given, such as criti-
cal temperature, critical density, critical pressure, acentric factor, and aspherical factor.
The values of the pressures, along with their first and second derivatives as a function of
temperature over the entire region from the triple point to the critical point are tabulated
and recommended for scientific and practical uses2@4 American Institute of Phys-
ics. [DOI: 10.1063/1.1691451
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(1) A new representation of the thermodynamic temperaturésLe 1. General coefficients of the extended corresponding-states principle

scale, known as ITS-9(Preston-Thomds and for vapor pressure in Eqs)

(2) A simple extendeq corresponding—states principle thaf, 5790206  ay, 6.251894  ay, 11.65859
can be applied to highly nonspherical substances, as was, 4888195 aj; 15.08591  ay 46.78273
recently developed by Xiarg® a 3391196 a, —3150248  a, —1672.179

This corresponding-states approach was shown to be appli-

cable to all substances and it is applied here to ammonia. cal point and to the triple point, provided that the critical

temperature is known. When the temperature approaches the
2. Present Method critical point, the second derivative should weakly approach

2.1. Vapor-Pressure Equation infinity, which becomes significant only near several thou-

sandth ofr. For this case, the amplitude of the leading-order

To represent experimental data over the entire range frorRonanalytic term in Eq(6) is not consistent with the correct
the triple point to the critical temperature, the vapor-pressurgniversal amplitude.

curve was based upon an equation with known physical be-
havior and has only three substance-dependent parameters
described in the Xiang—Tan equatidn,

Inp,=(ag+a; ™"+a,7™2)InT,, (1) The two-parameter corresponding—states method can only
be applied accurately to spherical molecules, e.g., argon,
wherer=1-T,, the reduced temperatufe=T/T. with Tc  krypton, and xenon. In order to extend the corresponding-
being the critical temperature, amg=p/p. with p; being  states principle to molecular fluids, it is necessary to take
the critical pressure. The value of is 1.89 and the values of jnto account the non-spherical nature of real molecules
Ny is 3n; or 5.67. The substance-dependent paran@®f@s  through the acentric factor defined by Pitzdral,'* which
the Riedel paramett} and a; and a, are substance- \yorks well for a wide range of nonpolar substances but its
dependent parameters. The functional form presented in Egyedictive capability for polar and associating molecules is
(1) is rewritten as generally poor. The use of four parameters for polar fluids
p,=exfd (ag+a; 7™ +a,™2)InT,] (2)  corresponds to an intermolecular potential function in which
dispersion and dipole—dipole interaction effects are ac-
counted for. To extend the corresponding-states principle of
p=p.exd (ag+a; ™ +a,72)In T,]. (3)  Pitzeret al™ to highly nonspherical substances, the recently
developed extended corresponding-states parameteiZ.
—0.29%, was introduced to describe the deviation of the
dinp, critical compression factoZ;, of a real nonspherical mol-
dp/dT=—7-P/Tc, (4 ecule from spherical molecul@s® For spherical fluidsZ,
' =0.29. The aspherical factdtis obtained from the param-

3% The Extended Corresponding-States Principle

and

The slope of the vapor-pressure equation is given by

where eters of the behavior in the critical state, which are effected
dinp, by the dipole and quadrupole moments. The aspherical factor
aT =(apta;m+a,r?)/T, o reflects the physical behavior displayed by the dipole and
' quadrupole moments and may measure the behavior of the
—(na; ™ Y4+ nya,m2 HInT,. (5) deviation of a highly nonspherical molecule from that of the

At the critical point, dInp/dinT=a, is the Riedel spherl_cal molecule argon, as is similar to th_e_ definition of t_he
arametet® acentric factor. The relation between the critical compression
P o . factor and acentric factoZ,=0.29—0.08w,*?is only ap-
The second derivative of pressure as a function of tem-""". . .
o proximate for nonpolar substances and is not applicable to
perature is given by

highly nonspherical substances. It should be noted that the

) ) d?lnp, (dInp\? 5 aspherical factop is independent for a real molecule, which
d°p/dT"= dTrz dT, ITe, ©) significantly improves the corresponding-states behavior of
polar substances. It may be deduced that the extended
where corresponding-states principle corresponds to adding a qua-
d2Inp, o o dratic term 0.00642 to the theory of Pitzeet al!! for nor-
12~ [mn=Dagr 24 na(ny=Dapmlin T, mal fluids.
' The extended corresponding-states principle for vapor
—(ap+a, ™" +a,r2)/T? pressure reads as follows:
—2(nya; ™M M nya, 2 /T, . 7) Inp,=Inp{®+wInpt+oInp?, 8

Equation(1) can be used to extrapolate from the precisewhere the acentric factdt,w=—1-logp|r —o7and the as-
vapor pressure measurements at modest pressures to the critierical factor,® §=(Z,—0.29¥ are corresponding-states
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AMMONIA AND TRIDEUTEROAMMONIA 1007

TaBLE 2. Experimental vapor-pressure data sources for ammonia and trideuteroammonia

Data Temperature Pressure
Author(s) Year points range(K) range(kPa AT (K) Ap (kPa
Ammonia
Baehret al 1976 16 328-403 2325-10973 0.008 0.1¢1p)
Beattie and Lawrenéé 1930 14 303-405 1166-11298 0.2%
Brill 14 1906 20 193-243 4.69-101.3
Burrell and Robertsdn 1915 17 159-238 0.133-101.3
Cragoeet all® 1920 150 195.4-343 5.98-3312 0.01 0.02%—-0.05%
Date® 1973 9 298-405 1011-11302
Gillespieet al® 1987 4 313-394 1565-9266 0.03 0.3%
Henning and Stock 1921 5 196.6—243 6.75-118.8
Holcomb and Outcait 1999 14 280-389 558-8542 0.05 35
Ichihara and Uematsfi 1994 12 310-400 1423-10304 0.01 0.03%
Keyes and Brownle& 1918 70 273-398 435.6-9957 0.3%
Overstreet and Giaugtfe 1937 17 195.4-241 6.075-111.3 0.05 0.00133
Zander and Thom3$ 1979 33 293-392 8686-9015 0.01 0.005%
Trideuteroammonia
Taylor and Jungef& 1934 5 202-238 8.3-83.7
Jungers and Tayl6t 1934 5 202-238 8.3-83.7
Caladoet al®” 1992 62 228-259 48.2-222 0.01
Grothet al®? 1956 31 273-294 399-835
Hart and Partingtott 1943 15 212-243 17.8-106.5
King et al3® 1989 6 198.5-243 6.22-105.5 0.001 0.005%
Kirshenbaum and Uré§ 1942 23 202-235 8.3-72.7
Streatfeildet al®® 1987 13 200-265 7.58-295 0.01 0.1%
Wolff and Hoepfnet* 1969 13 218-273 25.3-396

parameters, herg.=p./Rp.T. is the critical compression Burrell and Robertsoil measured the vapor pressure of
factor andR=8.314472 JKmol ! is the molar gas con- ammonia from 159.8 K to 238.5 K.
stant recommended by Mohr and Tayl&r. Cragoeet al® measured the vapor pressure of ammonia
To predict the vapor pressure from the correspondingin the temperature from 195.4 K to 343 K over which tem-
states principle, the proper reference equation must be sgerature range 150 data points were taken in the first of two
lected which is valid from the triple point to the critical experiments, including 11 determinations for the normal
point. Equation(1) fulfills this requirement in that it can be hojling point. The data were taken at near uniform intervals
used effectively to correlate and extrapolate the vaporexcept near the values of temperature associated with impor-
pressure behavior of simple, nonpolar, polar, hydrogentant fixed points, for which data were taken over very small
bonding, and associating compounds. Therefore, thgervals. Results for the boiling point were verified by a
corresponding-states method can be used to represent VapQicond set of measurements based on a completely indepen-

pressures over the entire rangé&s dent experimental procedure. Values of temperature were
Inp{®=(agy+aygr"t+ay2)InT,, measured with platinum resistance thermometers. Pressures
" were measured with mercury manometers and a piston
— n n . .
Inp;~=(agi+ayrt+anr?)InT,, (9 gauge. The scatter of the data was in large part associated

with the precision of the pressure measurements, which was
about 1 part in 5000 for pressure above several atmospheres.
The general coefficienta;; of Eq. (9), given in Table I,  The experimental method used for the main body of data is
were found from fitting the vapor-pressure data for argon, theeferred to as the static method. Certain modifications were
weakly nonspherical molecules ethane, propane, difluororequired below 218.15 K for which region measurements
ethane, 1,1,1,2-tetrafluoroethane, 1,1-difluoroethane, and thgsre made for only three values of temperature. Throughout,
highly nonspherical molecule water. The coefficients are inthe experimental values of temperature were believed to
dependent of the specific substance and are expected to Rfnin 0.01 K. The second set of measurements was limited

In p{?)= (ag,+ a1 +a,™2)In T, .

universal for all classes of molecules: to determination of the normal boiling point. These measure-
ments were based on an experimental procedure referred to

3. Experimental Vapor-Pressure Data as the dynamic method, which is comparatively insensitive

from the Literature to the presence of impurities or to the attainment of equilib-

rium. The mean of 17 dynamic measurements agreed with
Brill * determined the vapor pressure of ammonia betweeresults for the determinations by the static method to within
193.15 K and 240 K. about 0.01 K and the authors suggested a value for the boil-
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TasLE 3. Critical parameters for ammonia and trideuteroammonia  tained by KeyeY agree with those of Cragast al®in their
region of overlap with a maximum deviation of 0.06% and

Critical Critical Critical

temp.  pressure  density an average deviation of 0.03%, which is within the precision
Author(s) Year (K) (kP8 (pc/kgm ) of either set of measurements.
AmmOna Henning and Stock reported measurements in the range
Dewar® 1884  403.15 11652 from the triple point to 243 K. These data have average
Vincent and Chappiié 1886  404.15 11450 deviation from that of Cragoet al® of 0.3%.
Centnerswéf 1903  405.68 McKelvey and Taylof® measured two triple-point vapor
Mathias* 1904 239 pressures and four triple-point temperatures. The spread in
Jsﬁ‘lﬁf‘;;‘;ﬂ ig(l)g jgg:gg 11277 the four temperature measurements was less than 0.01 K
Cardoso and Gilty} 1912  406.05 11379 with the average value of 195.493 K reported as the value of
Berthoud® 1918  405.45 236 the triple-point temperature. The two vapor-pressure mea-
Postm4® 1920 4055 11277 surements differed by 27 Pa. The mean of the two, 6.026
g;"’t‘ggeet al®? ig% osalr 11318 Zg‘ée kPa, was reported at the triple-point pressure. If the principal
Baeht 1976 405367 11353 234 uncertainty in the pressure measurements is assouate.d with
Haar and Gallagh®r 1978 405367 11336 235 the precision of the manometer, then a 27 Pa scatter in the
Kiselev and Rainwaté? 1997  405.036 11277 234 data represents nearly a 0.5% error in the measured values
Edison and Sengets 1999 405367 11336 235 for the triple-point pressure. The value reported for the triple-
This work 40537 11345 2343 point temperature would appear to be uncertain by no more
Trideuteroammonia than about 0.010 K to 0.015 K.
Kopper* 1992 405.2 Beattie and Lawrenéé measured vapor pressure from
This work 405.2 11300 276 303.15 K to near the critical temperature, using an experi-

mental procedure similar to that employed by Kel/eat the
lower temperature, these results are in excellent agreement
ing point of 239.827 K which is the average for the two with those of Cragoet al® within 0.03% at 303.15 K, how-
methods. An overall uncertainty of 0.01 K results in an un-ever, the difference increases slightly with increasing values
certainty of less than 0.1% in vapor pressure at 233.15 Kof temperature to just under 0.1% at 343.15 K, with an av-
With increasing values of temperature, an uncertainty in vaerage deviation in this range of about 0.05%. The agreement
por pressure becomes less than 0.05% at 273.15 K and lesswithin their reported uncertainty. Above 343.15 K the data
than 0.03% at 343.15 K. The pressure measurement indagree with those of Key&sto within 0.1% up to 383.15 K.
cated an uncertainty of about 0.02% for pressure above seBifferences increase to about 0.2% at 393.15 K and then
eral atmospheres. uniformly to 0.8% at 405.15 K, the highest value of tempera-
Keyes’ reported vapor pressure measurements for valuesire reported, with the values of Beattie and Lawréhte-
of temperature above 273.15 K, which corrected earlier reing consistently higher throughout.
sults of Keyes and Brownl€€. The temperature scale em-  Overstreet and Giauqtfe measured the vapor pressure
ployed was very nearly identical to ITS 1927 above 273.15rom the triple point to 241.6 K. Values of temperature were
K. The data reported by Keyes and Browrfekave very measured with a special gold resistance-thermometer-heater,
large scatter, nearly 0.3% at the higher temperatures. The&mit the primary standard was a thermocouple, which was
measurements extend the range of the values reported loplibrated with a hydrogen gas thermometer and compared
Cragoeet all® to near the critical temperature. The data ob-from time to time with the gas thermometer. Such a compari-

20
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3 data for ammonia with values calculated from the ex-
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son was also made immediately following this experimentcritical point the measurement by D&téends to average the
and the values of temperature measurements were adjustdifferences between those of Keyésind of Beattie and
accordingly. The precision of the gold resistance thermomtawrence?
eter was 0.001 K, as compared with 0.01 K to 0.02 K for the Baehret al! reported a set of very precise data for the
primary standard, the thermocouple. Values of Overstreetapor pressure from 328.4 K to 403.6 K. These data in their
and Giauqu# are lower than that of Craga al'® by about  region of overlap are in excellent accord with the result of
0.04 K and 0.05 K at the triple point and the boiling point, Cragoeet al® to within the scatter of those data. They tend
respectively. This difference is consistent with their observato somewhat lower values than the data of Beattie and
tions that the temperature scale can be in error by as much aswrence?! Near the critical point the difference is about
0.05 K. The pressure measurements were made with a high1%. The uncertainty of the measured temperature is re-
precision manometer, which could be read to within abouported to be 0.008 K. An overall accuracy of these data is
1.33 Pa. The precision achieved for pressure measuremer@)5%.
is at least an order of magnitude greater than had been Zander and Thoma%measured the vapor pressure from
achieved in the earlier work of Cragee al® The reported 293.5 K to 392.6 K. Values of the vapor pressure obtained
vapor-pressure value at the triple point was 6.077 kPa. Th&#om static measurements by using the constant volume ap-
value reported by McKelvey and TayfSrwas 6.026 kPa. paratus. The reported accuracy of the measured temperature
The difference of 0.05 kPa is outside the combined precisio@nd pressure are 0.01 K and 0.005%, respectively.
of measurement, and is indicative of a small systematic dis- Gillespie et al® reported the vapor pressure of ammonia
crepancy between the two experiments. from 313.15 K to 394.3 K. The accuracy of the measured
Date” reported measurements for the vapor pressure foremperature and pressure are 0.03 K and 0.3%, respectively.
the temperature range from 298.15 K to the critical tempera- Ichihara and Uematéfimeasured the vapor pressure from
ture. The maximum differences occur at 298.15 K for which310 K to 400 K. The pressure of the nitrogen gas was mea-
the results of Dafe are about 1% too high. At 373.15 K the sured with two oil-operated dead-weight pressure gauges.
data reported by Dat2are too low by about 0.3%. Near the These two pressure gauges were calibrated with a precision

TaBLE 4. The critical parameters, acentric factor, and aspherical factor for ammonia and trideuteroammonia, which are obtained from the extended
corresponding-states principle for vapor pressure given in(8q.

Ammonia Trideuteroammonia Ammonia Trideuteroammonia
T /K 405.37 405.2 ag 7.115168 7.265948
p./kPa 11345 11300 a; 9.478726 9.904991
pclkgm 3 234.3 276 a, 20.236840 21.49400
1) 0.2568 0.287 0 2.0545¢ 102 2.1476<10°3
Tripie /K 195.4 199.0 Prriple /KPa 6.0182 6.4855
T, /K 239.79 242.20 M (kg kmol™1) 17.013 20.05
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of 0.03%. The sample pressure was obtained by subtractingeLe 5. Smoothed pressures, along with their first and second derivatives,

the difference between internal and external pressures of tHg 2 function of temperature for ammonia

bellows from the pressure of the nitrogen gas. This pressure 1 p dpdT d?p/dT2 T p dp/dT d?p/dT?

difference was calibrated with an uncertainty of 0.4 kPa. The (K) (kPa (kPa/K) (kPa/k®)  (K) (kPa (kPa/K) (kPa/K?)

accuracy of the measured temperature and pressure is 0.01#5 40 6.0182 0.4840 3.323-02 303.15 1167.8 34.70 0.7827

and 0.03%, respectively. 198.15 7.4813 0.5826 3.866-02 308.15 1351.3 38.76  0.8407
Holcomb and Outcalf measured the vapor pressure from 203.15 10.922 0.8031 4.984-02 313.15 15669 43.11  0.9003

208.15 15.616 1. : 2 318.15 1782.9 47.7 .961
280 K to 389.5 K. The accuracy of the measured temperaturgtl)g 12 zi goi 123? Sgggz 323 12 20248 52 72 01906256

and pressure is 0.05 K and 3.5 kPa, respectively. 218.15 30.172 1.883 9.76-02 328.15 2310.7 58.01  1.090
Taylor and Jungef&?® measured the vapor pressure of 223.15 40.889 2421  0.1184 333.15 2614.7 63.64  1.159

trideuteroammonia from 202 K to 238 K 22815 54571 3071 01419 338.15 2947.6 69.60  1.230
. : 23315 71.805 3.845 01680 34315 3311.3 7594  1.304
Kirshenbaum and Uré§ measured the vapor pressure of 535715 93245 4756 01968 34815 3707.6 82.65 1383

trideuteroammonia from 202 K to 235 K. The accuracy of 239.79 101.32 5.087  0.2069 353.15 41385 89.78  1.467
the measured temperature is 0.01 K. In the experiment, thé43.15 119.61 5817 ~ 0.2283  358.15 4606.1 97.33  1.556

. . . 48.15 151.69 7.043  0.2624 363.15 5112.6 1054  1.653
triple-point pressyre; were reprodumb]e to 3 or 4 Pa, an erro 5315 190.34 5446 02991 36815 56605 1139 L1758
of 5 Pa may exist in the pressure difference. The averagessis 236.47 1004 03382 373.15 6252.3 1229 1.873

error was estimated as 20 Pa. 263.15 291.06 11.83  0.3797 378.15 6890.9 132.6  1.998
Hart and Partingtott measured the vapor pressure of tri- 26815 355.15 1384 = 04234 383.15 7579.6 1430  2.138
deut 2 from 212 K 1o 243 K with a | ter of 27315 42082 1607 04693 38815 83217 1540  2.293
éuieroammonia from 0 with a large scatier Ofy7g 15 51624 1854 05172 393.15 91212 1659  2.467

about 1%. 283.15 615.58 21.24 05669 398.15 9982.4 178.7  2.663
Groth et al®* measured the vapor pressure of trideu-288.15 729.11 2421  0.6184 403.15 10910 1926  2.889
tero_ammonla from 273 K to 294 K. _ _ ;ggjg igg'gg gg:g: 8:%22 40537 11345 199.1  3.004
Kiss et al3 reported a vapor-pressure equation of trideu-
teroammonia from 190 K to 243 K without experimental
data.
Wolff and Hoepfnet* measured the vapor pressure of tri-

d ia f 218 K 10 273 K data in the high-temperature region and for the critical pres-
euteroammonia from to ' sure and critical density of trideuteroammonia have been re-

Streatfeild et al™ measured the difference in the vapor ,,eq yet. All literature data were converted to ITS-90, the
pressure of ammonia and trideuteroammonia between 200 {smperature scale used throughout this work.

and 266 K.
King et al.™ measured the vapor-pressure differences of
ammonia and trideuteroammonia from the triple point to 243
K. The temperature of the isotopic samples contained irTABLE 6. Smoothed pressures, along with their first and second derivatives,
) . . . . . as a function of temperature for trideuteroammonia
separate cavities in a copper block of five-nine purity was
controlled with a short-time stability, which was generally T p dpdT dzp/de2 T p  dpdT dzp/de2
far better than 0.001 K and well within 0.001 K of each K (KPa (kPa/K (kPa/K) — (K)  (kPa (kPa/K (kPa/K)
other. The absolute pressure of ammonia of natural isotopiz99.00 6.4855 0.5180 3.582-02 303.15 1107.3 33.75 0.7846
abundance was measured with a spiral quartz gauge with %93-12 ?fg?g g-gggg g-ggigg gggig iigg-é i;-gg g-gggg
.resolu.tlon of 1 Pa. Measurements' of the d!fferences |r1 the213.15 18413 1253 7.1BL02 318.15 1708.6 4690 0.9721
isotopic vapor pressures were carried out with a capacitanceis.1s 25.645 1.654 8.980-02 323.15 19555 51.93  1.039
gauge per isotopic pair. 223.15 35.107 2.148  0.1090 328.15 2228.4 57.29  1.108

Caladoet al3” measured the vapor pressure between 22&28-15 47.299  2.748 = 0.1317  333.15 2529.0 6301 1179

) told diff o . high. 23315 62791 3469 01572 33815 2859.1 69.09 1255

K'and 259 K'in a twofold differential apparatus using a high- 535 15 82218 4325  0.1855 343.15 32206 7556  1.333
precision manometric technique. The vapor-pressure differ242.20 101.32 5.127  0.2106  348.15 3615.4 82.43  1.417
ence was monitored using capacitance sensors with a resolg43.15 106.29 5330 02167  353.15 40456 89.73  1.505
. 248.15 135.79 6.497  0.2507 358.15 45135 97.50  1.600
“9” of 13 P-a. The- absolute  vapar pressure Of 6315 17155 7.841 02874 36315 50214 1058 1703
trideuteroammonia was simultaneously measured using arpsg 15 21451 9375 03268 368.15 5571.9 1145  1.814
other capacitance sensor with a resolution of 3.4 Pa. Tem263.15 265.64 11.11  0.3688 373.15 6167.8 1239  1.936
peratures were read with a resolution of 0.001 K and anggg-g ggggg igg; g-jégi g;gig Sgégg ﬁi-g g-gzg
estimated accuracy of 0.01 K. . _ 278.15 47890 17.67 05092 388.15 8259.6 156.1  2.383
These data resources are summarized in Table Il. A%83.15 573.83 2035 05605 393.15 9070.8 168.5 2.568
pointed out by Haar and Gallaghfethere exists a consider- 288.15 682.79 23.28  0.6137 398.15 9946.2 181.8 2.778
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